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A FOUR- FLUID MODEL OF PWR DEGRADED CORES’

hy

James F. Dcaring

Safety Code DCVC lopment Group

Los A1iIrnos National Laboratory

INTRODIJCTION

This pupcr describes the new two-dimensional. four-fluid fluid dynomics

and heat transfer (FLUIDS) module of the MLLPROGII] code, MELPN(Ki is designed

to give iin ,ntcgrutcd, mcchunistlc treatment ~i pressurized wutcr rciIctor (l’h’R)

core meltdowri accidents from accident initiation to vessel melt-through. “l-h (

code htIs iI modular dnta storuge tind transfer structure. with eiICh modll 1e

providing the others with bl)unt!~rv conditions fit ciIclI computational time step,

ThLIs the l:l.lllllS m(tdule rcceivc~ milss and energy st~urce terms f’rom the f“ucl pi~

module. the structures modult. and the debris bed mtdulc, tind rildiilt li~r energv

source terms frl)m the rtidlilti(;n mtldulem MIILl)R(Ni, Wtlicli midcls the reil(tor

vessel, is iIls(I Clcsiynekl to model the vessel iIs il comp(}nenl in the TN.4(’/Pl:I[2]

nctw(lrking k(~lutl(~n ~~f’ ii !)WR rcilct(}r l’tl(llilnt systcm (N-S). ‘rhc c(~upling IICIWCCI)

TNA(’ ;Ind MI:LI)HIN; js Implicit in thC I’luid dvllilnlics of” the rcilct(lr L’(\(l]illlt

(liquid Wilt~r und StCilKl),

Ilctwcrn I]lc vessel ilild tilt

llCill •peill’l~illlv Wltll tll~

WlthIn the rcilutt~r ve%%cl,

d] lowing il n ilLi’UI’ilt C SlmUlilti(lll (\ f’ the co’lpl ing

rrst of’ the IN-5 during iIII iIr(IJc17t. “I”his pilp~r will

nunlcrilill rmldcl Ill l’lUld dvll,lnllch dlld tiCilt tI’illl\l Cl

which 111I(lwk il mu~h nl(}rc rCilllStiC hinlilliltl(~ll (with

@
‘)d.

llllAsEll IIISINIIIIIIIIN III :::lSllOCUMINl lSHllMWO
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2. PHYSICAL BASIS FOR THE WDEL

The pro~ress ion of on accident sequence in iI commercial HJR through core

me 1 tdowfi involves the discrete motion of ~t Iefist four differ;~ classes of

materials. First, the motion of liquid water through the core determines thr

amount of heut removed und the rate of progression of tllc initial stages of the

accident, Second. steam generated by boiling in the core tends to separate from

the liquid. accumulating in the higher regions of the primary system. The

rclutivc distrihut ior o 1“ steurn find liquid wat~r in the core is critictil to

determining core coolabi]ity. Third, oxidized and c:llhritt led fuel pins can

rhutter. forming packed debris beds supported by t!lc lower core support

structure. And f“ourth, Iucl pins, structure and [Iebris beds can melt,

rcdistrit]uting miitcr]til to the lower plenum. Grtivity will iIlwiIvs tend to

sepdrute these Iour miiteriill classes, A truly mechunist]c m(ldel (t}ne thut dl~cs

not relv on ilssum,pti(~ns 01 gross phen[)menolojjy) must trtick the distr

velocilv und tcmpertiture of CilCh of these mutcrial L’lasses *epfirute!vm

d(lne here IIV treiltlng CUCI1 01” the four clilsscs W]th c(lntlnuum me~hiinics,

is termed d “l(,ur-[’]uj~” nlode].

‘Illcse four fluids must iIls(~ be trucked in at Ieil\t tw(~ dimensions. Ill?iit

genertiti~jn tends to he grcilter ncur tile center (riIlllilllv) 01” the vessel. while

tlCilt l(lSS to structures terds to bc gretitcr ncill’ tbc edge, lniti;ll ~llr~

del”(~rlnilt ioil Will tend to occur neilr the center, which Will decrc~~c convcc~ ivc

energv rf!nl(~b’il I Ilcilr thi’ L’cllt cl’ illld Incretisc it I’urtllcr (Jutm Mil s s ( ml}s t

imp(~rtilnll~. l“is~ion products) dnd energy trtinsport hv Ililturill c(~nvccti(:ll cells

WIIIKII c(~uplc tl]e lore to thr upper plenum ilnd p(~ssihlv upper heild muy hr lrll~’ iill

tt~ Aetcrmlnllly the ~lutctmlr (1I iItl ticcidcnl Scqurllcci A Iw(]-dimcnsiontil model IS

ilrllrlv llrL’c\\ilrV ttl sln,Ulilt(’ till’SC pll Cll(llllCll il. ,fi llircr-(lllllrnsi(~llill m(~drl. w!llcll

L’(~Uld ill%(~ properlv Illliltl’ tll~ ll(~t illld c~llil lCp n,\7.zle\ ([hekc li~liltl(~llk ill”C
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asyrnmctriciil in two dimensions), would be preferable, but the added expense and

complictit ion the extra dimension would entail are not considered justified

presently. ‘4

The purpose Of the fluids module of M~LPR(Ki, then. is to predict the

distribution, velocity ‘lnd temperature of the four material classes or “fluids”

described above in a two-dimensional representation of a PWR vessel during an

accident sequence. The model relies heavily on the TRA~ code development

eflort. both for basic numerical methods und for actual coding th~t talc.Jliites

equation of state and exchange terms for liquid woter anti steom.

-i. . ]lAS]~ EQUATIONS

The problem oescrlbed above requires the simultaneous solution of the

conservation equations of lllil!iS, dxiu] momen+urn. radiul momentum, iInd energv ft~r

etich of the four f!uids. The giIs is n~llde!ed IS iI mixture 01 steam and hydrtlgen.

so an additionu] hydrogen muss conserv~t ior equtit i[~n is required. The four

I“luids ill’e identified in the I’ollowlng tqudtior~ 5V the Index f. which is

deflnccl In Table 1,

Tht di~ferent iill I’ornls lJI’ the tiqutitlons WIII he ]Isled unti discussed, T]) c

I“initc dll’1’~”rencc I“t)rms will be given il+i pilrt t)l’ the description ~if the st~lut]t)~

illgoTithCl tllilt l“Oll(lWS. The muss c(~nserviltit)n equtiti~~n~ huve the foll,)wing I“orm

l“t~r Iluid f:

+
; (a,.P,. )

4
.

+ v ‘ ‘(AI’PI’VI’)- ~~, ‘“kl - ‘1 = ‘) “
(1)
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l-luid Number (r)

1

2

3

4

pas mixture of steam and hydrogen

liquid wuter

solid corium

molten coriurn
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up of fuel pins and other vessel structural material) is designated QS. ‘Th is

I_orrnul fit ion is required because QS c~n chtirigc with time as core structures

del”orm und full to

material is accompl

third or fourth flu

lower regions 1)1’ the vessel. This movement ‘4 f ctruCtura]

shed by transferring the structure mass and eriergy into the

d. depending on ~’hcther it is molten or not.

The third and fourth terms represent mass transfer among the fluids and

external mass source terms. respectively. The mass transfer between ;:eiim tind

!iquld Water is tre~tcd im, Ilclt]y ]~ te~perat}lre and pressure, while t])c other

mtiss transfers are treated explicitly.

The hydrogen mass conservation equation is

The cxtcrntil mirss source term r]) is prodl

I’uel pin cludding,

The axiill momcntun cqutitlons have the fol

‘1! =(), (~)

cer.1 by hurnlng of the Zircfllloy

1
+ —— f’ (:]:~k,. (v~,

(nL’), k~l
- Wk)lvz,. - vi! ‘k

1
+ —.

(CW),
(-WLI vL,. lvzrl + [,=(), (3)

The lt~urtll term rcprt~rnt~ rmm~entum trilnsl’cr illll(lll~ tllc I“lu id%, whi ILL 1111’

l“ll”tll ter~ rcprc~cnt~ Willl f’rictit)n. (.t)el”l’jcltllls (“1’/’ illld (W1 ilre CVillllill CLl

CXpllclt V {)l.l tllc Il:isi% t~l l(~till l’lt~w regime. I“llc rillll ill momentum cllUiltl(lll\ drc



comp

ilcce

-t)-

etely analogous to equations (3). with the exception of grtivitationti

cration

1:

+ ~~ k:]
(:F~kf (VRf - VRk)lVRf - VRkI + ~ (WR, vRflVRrl =0. (4)

The energy equations are given hy

4 ah,.
: (fifPf.u,. )

-b
+ v * (arPfurvf) + 1’(= + v “ h,.vf)

(5)

The third term is the work term. The fourth term represents energy

eXchiln~c between the fluids due to philsc chunge With hsf representing the

siltUrat ion enthillpy [11’ l’luid l“, The I“il’th term represents hctit triln~fer between

the I’lu ills. The sixth teIIi: represents externill cnergv si)urces prf~vided b,y other

m[)dule< ol’ Ml:LljR(Mi,

l:irilllV. il c(~nstr;llnt t)l: tile sum (II” tile I“luid Vtllume frticlil)ns is

required:

1 - “
I’&, ‘1’ - a\ = () ,

((,)

I.(llliltl(’lls (1) tllr{lugll [5) ilrl’ il Set (11’srventeen coupled, non-lineill’,

pill’tlill (1111 Vlol,ll ill e(lUilt loll\ tl]ilt. illl~ll~’ With llliltCriill CqUilti(JnS (~1’ StiltL’ illld

relilf 1(111’ I(lr IIlil %S , ci:cryv d 11(I m(lmcnturl! cxchilnfc. pr(~VidC the bil%is I(JI’ :1

s~llut 1o11 01 Illc pr(~l)lelr, l’hr dcsf:ript 1~111(l’ tllC ?i(}lllt 1(.11 ill~!(~rltlll!l IIlilt l’iJll\~WK
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assumcs thiit all four fluids arc in fuct present throughout the rciictor vcsse].

Fortunately this is rarely true. so that a significant rcductior lr! the

complexity of the pToblern is usufilly possible. ‘inThe steps ttikcn to aximizc this

reduction in complexity will bc dcscribcd later.

“4 . SOLUTION ALGORITHM

The algorithm used to solve this equation set is bused on the stability

Lnh:lncir,g Twc~-Step (SKTS)[3] mctht~d, which is used to SOIVC the onc-dimcnsicjntil,

two-fluid pr(~hlcm in TRA(-}PI:l. SETS hilS enhanced numericill stability

characteristics that tillow the material (~ourant condition to bc cxcecdcd under

sonjc condit ic)ns. resulting in longer computfitionul t imc Steps and b ICss

expensive cfilculut ion, (~ompared to the usual semi- implicit method (I_c,r example.

~% Used in the TR,A(-/Pl:l three-dimcnsic~nal vessel component ), SETS ;l]S(~ hus

enhanced sttihility chfiructeristics l’or prob]ems with phase ch~nge. bec~”.jc of iI

more llHF!lCit treatment () f morncntum coupling between the fluids und of” the

purt ition oi v(~lun)e I’rdctlol; within a ccl!, The algurithm WiIS developed pfirtlv

I’ronl the prevl~)u~ (~ne-dimensil~~ul. three-fluid I:LUIDS module 01’ MIM.As[~]. w]]

also utilized SIITS. The algorlth~ consists (,1’ three mtiin ptirts - tile m(~men

equtit ion sc~lvcr. the 13tisic step, und the MilSS and energy st;lhlllzcrsm Th (

purls :Ire clcs,:ribcd ir, detuil. f{llloWCd by iI discussion 01’ the treiltmcnt 01” l(~h

v~’lumc I’ract ions.

As Mtlmcntum l:quiiti(~nh

Th c U%util I“luid-dynilmics stuggcred grid[5] IS u:lcd I’or tl)c sp;i~i;ll

l’lnitr -dill”rrcncln~l t~l” tllc dil’l”erent iill equ~tl~~ns, In tills scheme, prc~surcs,

vt~lunlc I’rilct lops, Llfid I’luid StiltC Vilriill)lcs ilre CVillUiltrd using Cell-centcrrd

( 1,1) cflntrt~l vtllunlcs. Wllllr VClt~cltlcs ;Ire CVillUiltell Llsin~7 cc]l-cUgC (l,ntCrCLl

ct~rltr(~l V[}ll.lnles. l“llUS ill I tile terms Ill tllc ilXiill mth$cnlum e(lUill ii~lis (.{) ilrl’
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evtiluatcd using control volumes centered at (i. j+l /2) and all the terms in the

radial momentum equations (4”) using control volumes centered at (i+l/2,j).

Te rrr,s ir Cqutitlons (.7) requiring further finite diflcrcnce -~xpunsior fire

the following:

where [Wz = Vl, 1 - V~. 1 if VI. 1>()
l.j+z l,J-–

~
1, j+j

= v~. 1 - v~i 1<()
. j++ i 1’ ~~

I.j+lj 1 . j+–
2.

(v~,+- ~.j + ‘Ri+~, j+l
+ viii-l + ‘RI-l i+~l

pi ~!.

where VRi,j+l = - - -1
j

( p - p. )

(~~lilj+~ = 1 1,; +1 1.s

:(Pi , ,1
,“ + Pi ~(ALl + AZl+,~,;+1 ~-“,

(7)

(8)

(9)

(10)

(11)
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Analogous expressions are used for terms in the radial momentur. equations

(4). These spatial finite difference forms will not bc repeated so that the

following equtitions can clearly show the diff-erent temporal dilferencing tind

1

1

netirizat ior. schemes.

The go~l in thi.; step is to reduce equations (31 and (4) into simple

neur relatiansllips between each local fluid velocity and iljI ilssociated

pressure gradient. This can be done eusily by evaluating all the terms except

the nor-steady term using old-time level velocities. but this fullv explicil

technique has

Sc)lutir)n is iI

method, ! n Wh

limited stability characteristics. A fully implicit. iterative

so possible. but very expensive. SFTS provides iIn intermediate

ch s~cccssive lineariz~t ions provide septirute implicit solutions

Ior the mu;or couplings - among th~ I’luid velocities in efich cell and

convect ivelv between cells l’or eiIch fluid,

The s(llutlon procedure for the axial momentunl equations will be discussed.

with tir unulogt]us procedure used I’or the ra(il~l momentum cquatl(~ns. 1P the

first line~rizdtil~l: (}ld-time level vel~)cllies ;tre ustd In th~ convective terms,

decoupling the cquut ions spat i;llly.
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1
-r— Cwzf (2vzP;+l - Vz; )lvz: + g = () .

(aP)~

(13)

‘4

Equations (13) represent a 4x4 system of equations in VZPn+r at each mesh

cell, which are solved directly. These velocities iire cfilled predictor

velocities. and reprcseni the effect of coupling between the fluids within each

cell. The third and fourth terms in (13) represent tempera! expansions of the

antilagous t~rms in (3) (see Ref. 3). The second lineariztit ion uses the

predictor velocities for the intr~-ce]l fluid intertictloc terms (decoupling the

fluid equatluns from each other). while solving fl~r the convective terms.

Vq+l vZn
r +;;. v Vz$?+’ +

1 aPR

At
——
Pn aL

1

1
+— 2 CI’zkf 12(VZ17+’ - VZP;+l ) - (VL; - VZ~)]IVZ; - v~n

(Qp); k=l k

1
+— (Wr(nq+’ - Vz;)lvq + g = () .

(Q?);
(14)

l~quatiors (1~1 repre~ent four uncoupled systems of’ equ~tlons in VZSn+].

Wh I c h tire s(~lved lterati.Jely. These velocities tire culled stabilizer

velocities. tind represent thr eflects of coupl ing between ce!l%. The third

lineariztit ion uses stillJilizer velocltjes for the convect ve terms, witl~ new

time-levtl pressures.



-11-

“q+l q

+ i; ● F’ Vzq+’ +
, ~,,1-+1

——-
A1

——

?; ?L

1
+— : Clzkf {2(vzf+l - w;+’) - (w: - Vz; ))lvz; - vql

(ap)~ k=l

1+. _. CWzl (2VZ7 - Vzplvzpl + g = o
(UP);

(]5)

l~quutions (15) dlso represents a 4x4 system in velocities at each mesh

cell, hut these systems tire solved wit]l the ne~ time level pressures factored

i

out OK the right-hand sides to give e(jutit ions Of the form

. 1+;),.( pn+l
(lm,i+l)-

,,P+I
(1.j)~’ (16)

required reldtlonshlp I]etweec new time-level

(17)

All trrn]~ Ill tilt’ ma~s illld cner~v [’(lUiltl(lllS (1), (2) ilflll (S) ilrC CVillUdtL’J

11%11:~ (tlctr(,l v,,~lunlcs ilt ccl] centers (I,j), I“rrlns III thesr equullons rc(lulrin[

Iurlllvr Illlltc dlllclcllLL’ CXllilll%lt~il ltlllI~k.



.] -J-

11+1 -e++’ Pf AR~

: (QfPf) =
At

(18)

‘4

where A~~ is calculated in the mass stabilizer step of the previous time step.

(19)

where AIJII; is c~lculuted in the energy stahillzer step ol’ the previous time

step.
-+

The secord term ic equtit ions (l). (2). ~nd (5) h~s the form V *(YV) and

is evtiluiIted us

where l:/. ilnd l:h! represent ilXl ill und rtidi;ll l“l{~W ilre:ls. respcl’tivcly. onli

Y
!’1’!vz] 1= (I,JJ il. ‘~(i, j+~) ? ()

(I,j+i) (1-(1%), .l ‘(( 1,;+;)

.

I !,,

(i,l+l).— .-
‘~( 1,.i+:) i 1“

= (1-UJ(I.:1+1) ‘i(i,~+~) < ‘) ‘
&
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For the mass conservation equatiors (1) and (2), ~i, j IS ~ivcn hY

a
n+~ ~n+l . The neighboring ccl] Y s tire gl\’cr. by stabilized mtiss clensitlcs

(AR), which arc ctilculatcd in the mass
‘4

stabilizer step of the prevIous time

step, Simil~rly, for the cncrg~ conservation equations (5), Yi j is given iJY
,

~n+lpn+lun+l but the neighboring cell Y’s are given by stabilized cnerg~,

densities (,APU), which are calculated in the energy sttibilizer step of tile

previous time step. Using different time level values in the convection terms

is nonconscrvatlve, but conserv~titn is milinttiineci t)v the m~ss and cner~v

stabilizer steps. Using new time- leve] values of” [,P ~nd OPU in the convect

terms incretises stability, whi]d using old- tirne level VillUCS for the ncighbnr

celis reduces the sputi~l coupli,~g 01” the svstem (JI’ equilt ions th;lt must

+()]ved (thc~ are stil] ct}uplecl hv press’Jres).

The work tern’ in eqliilt](~n (5) is fiven hs

o n

ng

be

~11+1 ‘
- (4’:

,,1?11 [ I I+v , [h; ;11+1

At 1’ )

where t!lc Ct)nvcct ion term Is ~lpk’ill~l-illl’lrrencc~l ii!. Ill e(lUilt loll (20),

l:quiIt l~lns (16) iilld (17) ilrc Used to climlndte VcitJclllcS in cllllilll(~n~ (1).
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Thesc systems are solved by Newton iteration using the following prt~ccdurc

(which wiIs developed for the two-f]uid svstems (~i’ TRAC/PFI). Variations in thti

‘4
Ii) ec]uui ions with rtspcct to cell pressure ;Ire divided into tt,osc c~used by

density chungcs and th(~sc caused by velocity ChiingeS, The Jacobian miltrix is

partitioned :;G thut variations with respect tl~ ~e]] variables arc included on

the left hfind side of equation (22). while variations with respect t (,

}I)oring Ce]l pressuresne ;:.:, and the terms for vuriat ion 01’ velocity with respect

~;x= -ii,61’
(1.j) - ‘~ ‘I)(i+l.j) - ‘~6])(i.lmj)

- ;J 6P
(1.J+l) - i5 ~1’(,,j.1) -;,

where A is tile 10 x 10 J~c(~biilt~ n)ilt r]%

m
m
,

(J,{)
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where the Mi represent equation (1) (i=] to 4) find equation (2) (i=5). The E.
1

represent equat ior. (5) (i=] to 4), AL represents tqu;ltion (6). ~nd

‘4

illld ~ illld

Vilritihles

C(]l.lilt ion

+

(24)

(25)

(26)

l(~r Ax Lllrcctlv.

Tllc i’11’%t row 01 Cquilt 1(111 (27) Is :111 lmpll~it l’C]ilti(~llShlp l)CtWCll L(’11
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applied to pressures, hyd~ogcn partial pressures. tind the four fluid vnlumc

fruct ions and tempcruturcsm Equfit ions (]6) tind (17) are used to updJte

---1
velocities. If the maximum pressu-c corrcct ior is greater than a specil”led

.

convergence critcrior., anuthcr Newton iteration is performed.

c, Mass and Ener~Stabilizcrs.—

Equations (1), (2) and (5) arc converted to the following forms,

respectively

(28)

,Al(q+l AR(I;
—+V” [,,k(l~-:-l ;~+l )

—--iv

WIICIC illl Pilriltnctcr% ilYC SCt USlll~! tl]~ lleW VillUCS dctcrmincd in ltlc llilSiC step.

l“IIC’%C e(lllilti.~11~ ill’1’
\l,lvct, ,.or ~l{n+l i,ntl A~(]tl+l for ri]~]] f]uld iIIN! I’(11’ hidr(lrcll,

‘Itlrsl’ Ilil I’illl)r t C ~% pr(lvllll’ sl;ll)illzcd Illil S% il 1111 cncr~lv clcllsilics lt~r till’

t:ci}!lll}(~rln}~ CCII ct~nvrct ivc Icrms II: tllr next t imc strl~.
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D. Treatment of Low Volume Fractions

A lower limit is set on volume frictions Ih;lt [Ire cfilculitted by the

~nd-~s usuitllv %etalgorithm, This limit is provided as pitrt of the cllde ]i:put, ‘ ,,

to 10-5. If the volume fraction of a given fluid in d given cell, as determined

by the muss stahilizcr equitations (27) and (28), is less thitn this lower limit,

then the equation set is itdjusted as though the fluid did not exist in thtit

cell. This adjustment vtirics depending on the specific equation.

The spatially dccouplcd momentum equations (13) und (15) at a given ccl]

intcrfacc arc itdjustccl if the given fluid does not exist in both CCIIS b(lrdcring

the ccl] interface. This itdjustmcnt consists of fixing the linear coefficients

to produce the required velocity. i The momentum stabilizer equations (14) und

the energy stithilizcr equations (30) il~c not solved for u given fluid if tkltit

fluid dots not exist anv~hcrr in the vessel. The tlli]ss stithilizcr equation% (28)

und (29) must be solved, bcctiusc these cqu~il ions determine whether iI fluid htis

entered or left il given ccl] heCilU!i~ of c(~nvectit~n t-r sc)urcc tpyillkm

present inu cell, tile lllil!iS illld rncrg,v ct~nservtilioti cqu:ltl~lns for tllilt fluid Cilll

be rcnlovcil l’r~~m tile C(lllilt Il)fi set tllill mdkc Up e~llill iiln (21), reducing tht’ size

01” t]lc Svstcnl t})ill nlust be S(IIVC(J. Thus the size (n” the miitrix ~ citn ritngc I“rtuu

Ioxlo” ([’our I’luids plus hydrogen) ttl ?x2 (t~llc Iluill)c T])c number oI’ opcriltit)ns

rcqulrcd ti) solve e(]lliltil)ll (22) tIircctlv is proptirti(~nitl to the dimrnsi(~~ f~l” ~

Culled. s~~ this pr(lcetlurc Cilll result in il muximum rrductltln t~l’ ii l’tict(~r 01” 125 In

the numhrr (JI” OpCrilt it)nk required, This procedure is cl’lcltivc in rtduclny
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.An efficient algorithm for the mechanistic solution Of in-vessel fluid

‘4dynamics and heat transfer during iI core disruptive accident hus be n descrlhed,

The algorithm allows discrete interpenetrating mot ion of fou-r classes :) f

materials. Structural materials can relocate to other regions of the vessel.

displacing and interacting with other fluids (for example, by enerfjetic fuel

coolant interactions). This ulgorithm represents u significant extension of the

well-proven S1ll-S method. The new FLUIDS module of MIILPROG h~s undergone testing

in bllth stand-ti lone iIfid coupled I“orm tigainst both experimental datfi and results

of Other codes. It will soon be used to give d fully intcgrtited simulation of

the importilnt pi,enomcn~ that occur during high-consequence PWR accident

sequences.
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a

AR

ARU

az. bz

or, br

(Tz, (-’W

(’Fll. (34R

~~

1-R

E

1?

i

;

p

Q

u

t

T

u

-$
v

VI

VN

VLI), Vltl’

V/j. VR$

vol.

volume frfict ion

macroscopic mass density (stabilized)

macroscopic energy density (stabilized)

coeffic

coeffic

inte r-f

ents in linearized axial momentum equations

ents in linearized radial momentum equations

uid and Wdll fixitil friction factors

inter-fluid find wiIll radial fruct ion I’tictors

axial flow ~rca

rudifil flow arra

gravitational acceleration

enthalpy

tixiill node index

radial node index

prcs~ure

vl)lumrlrlc lltilt CXCllilll~Je riltr

rildiill dlrcclloc

t ime

tcmperuture

intcrndl tntrgv

twt~-~f~nlpt~nent vel~~(ity vcct(lr

ilXiill vclt~citv

rildlill vclt~citv

ilXiill illlll rildlill prrd

ilXl ill illlll ~il(ll; ll Ktilll

~ell fc(mlctrll V(1 I ulllr
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axial direction

microscopic densitv

vt~]umetric m;lss cxchar,~e rate
‘+
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